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Abstract We analyzed two recently acquired multi-
channel seismic profiles across the Dangerous Grounds
and the Reed Bank area in the South China Sea.
Reconstruction of the tectonic subsidence shows that the
southern continental margin can be divided into three
stages with variable subsidence rate. A delay of tectonic
subsidence existed in both areas after a break-up, which
was likely related to the major mantle convection during
seafloor spreading, that was triggered by the secondary
mantle convection below the continental margin, in
addition to the variation in lithospheric thickness. Mean-
while, the stage with delayed subsidence rate differed
along strikes. In the Reed Bank area, this stage is between
32-23.8 Ma, while in the Dangerous Grounds, it was much
later (between 19-15.5 Ma). We believe the propagated
rifting in the South China Sea dominated the changes of
this delayed subsidence rate stage.

Keywords dangerous ground, Reed Bank area, tectonic
subsidence, secondary mantle convection, propagated
rifting

1 Introduction

The South China Sea (SCS) is one of the largest marginal
seas along the western Pacific Margin, and is located in the
interacting region of the Pacific, Eurasian, and Indian—
Australian plates. It has experienced a complicated
geological process, including magma-poor continental
rifting, seafloor spreading, the subsequent collision with
Borneo to the south, and subduction under the Luzon Arc
to the east since the Mesozoic (Taylor and Hayes,
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1980,1983; Briais et al, 1993; Zhou et al, 1995; Hutchison,
2004; Cullen, 2010; Li, 2011; Franke, 2013). The
continental margin of the SCS constitutes a stretched
crust of the continental origin with an area measuring more
than 10x10° km?, overlain by numerous Cenozoic
sedimentary basins. Previous studies have confirmed that
the continental margin of the SCS is a magma-poor passive
margin, featured with well-developed detachment systems,
depth-dependent stretching, and differences in subsidence,
etc. (Ru and Pigott, 1986; Schliiter et al., 1996; Wu et al.,
2003; Tong et al., 2009; Ding et al., 2011; Li, 2011) Given
these characteristics, the area is not suited for researching
continental rifting transition to seafloor spreading.
Although the northern and southern continental margins
were connected before opening of the SCS, they preserve
remarkable differences in sedimentary faces, environment,
and process due to different tectonic subsidence. Thus the
analysis on the tectonic subsidence is critical to our
understanding of the sedimentary evolution and geody-
namics of the Cenozoic extension in the SCS’s continental
margin. Extensive research has been conducted over the
past decades on the tectonic subsidence in different areas
of the SCS. Zhao et al. (2011) studied the major tectono-
sedimentary stages and their responses to the Cenozoic
tectonics by analyzing the changes of the tectonic
subsidence in the Dangerous Grounds. On the basis of
reconstruction of tectonic subsidence, Ding et al. (2015)
explored the development of carbonate platform and the
controlling factors. Chen (2014) estimated stretching
factors of the Baiyun Sag with multi-stage continental
extensional activities by fitting the whole tectonic
subsidence history in a self-consistent manner, and
explained the mechanism of extreme thick Cenozoic
sediment in the study area. Xie et al. (2014) analyzed the
Cenozoic tectonic subsidence of the deepwater area in the
Pearl River Mouth Basin and constructed maps and
histograms of subsidence rate for 18 Cenozoic sequences.
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All these works play significant roles in increasing our
understanding of the sedimentary process and geody-
namics of continental margins in SCS. However, few
attempts have been made to reconstruct the tectonics
subsidence in the same manner or to compare the
differences in various sections of the continental margins.
Thus, a systematic understanding of the tectono-sedimen-
tary process and dynamic mechanisms during the multi-
stage tectonic activities of the SCS is hindered.

In this study, we present a seismo-stratigraphic analysis
with two multi-channel seismic profiles across the southern
continental margin of the SCS to establish a precise
framework with detailed geological interpretation. In
addition, we reconstruct the tectonic subsidence history
using the empty basin tectonic subsidence method (EBS,
Zhao et al., 2013). A better understanding of rifting and
opening mechanisms in the SCS relies on comprehensive
evaluation of the continental margin, especially the
tectonic subsidence, which not only plays an integral role
in understanding the extensional processes involved in the
formation of rifted margins, but also records the history of
the continental break-up and initiation of seafloor spread-
ing. The main goal of this work is to present an overview of
the interaction between Cenozoic tectonics and sedimen-
tary features in the SCS, and to determine which model
will best explain the featured tectonic subsidence and its
relation to tectonic events. The controlling factors and
evolution model of the sedimentary process of the southern
continental margin during the Cenozoic are also docu-
mented.

2 Geological setting

The tectonic evolution of the SCS is dominated by the
relative motion and interaction between the Eurasian plate,
the Pacific plate and the India Australian plate (Honza,
1995; Lee and Lawver, 1995; Hall, 2002; Honza and
Fujioka, 2004; Hall et al., 2008, 2009; Yumul et al., 2008;
Aurelio et al., 2012). Due to the subduction of the Pacific
plate to the Eurasian plate during the Mesozoic, the entire
Southern China margin, including the proto continental
margins of the SCS, had been convergent with an Andean-
type of volcanic arc (Taylor and Hayes, 1980; Lee and
Lawver, 1995; Zhou et al., 1995, 2008; Yao, 1996; Clift
and Lin, 2001; Cullen, 2010; Franke et al., 2014). Since the
Late Cretaceous, and as a result of subduction slab rollback
(Hall, 2002; Li et al., 2007; Zhu et al., 2013; Franke et al.,
2014; Li et al., 2014a), the South China continental margin
experienced a transition from compression to extension.
Episodic rifting with uplifting shoulders and erosion likely
began in the proto-continental margin of the SCS. Detailed
geological interpretation of seismic profiles suggested that
rifting propagated from north to south and from east to
west (Li et al., 2012; Ding et al., 2013; Franke et al., 2014;
Savva et al., 2014). Two main stages of rifting have been

recognized with detailed seismic interpretation (Cullen,
2010; Franke et al., 2014). The former episode predomi-
nantly occurred between the Paleocene to Eocene in a NW-
SE-oriented extension and is identifiable in nearly all
offshore basins. The latter episode took place between the
Late Eocene and Early Miocene and was controlled by a
NNW-SSE oriented extension. These episodic extensions
led to the formation of numerous sedimentary basins with
well-developed grabens or half-grabens, such as the Pearl
River Mouth Basin and the Qiongdongnan Basin in the
north, and the Reed Bank Basin and various basins in the
Dangerous Grounds in the south. The accumulation of
tensile stress finally led to subsequent seafloor spreading in
the SCS.

Scientists have to date based their calculations of the
timing of the SCS spreading on the identification of
magnetic anomalies. The opening scenario proposed by
Taylor and Hayes (1983) and Briais et al. (1993) has been
generally accepted, i.e., seafloor spreading occurred from
30 to 16 Ma (anomaly of 11-5C). Since that time,
subsequent papers have focused on the spreading mode
of the SCS (Barckhausen and Roeser, 2004; Sun et al.,
2009; Yeh et al., 2010; Li and Song, 2012; Barckhausen et
al., 2014; Franke et al., 2014; Song and Li, 2015),
indicating that the Sea experienced two episodes of
expansion complicated by a southward ridge jump at
nearly 25 Ma and a re-orientation of the spreading
geometry from the westward to the southwestward ridge
propagation (Taylor and Hayes, 1983; Ru and Pigott, 1986;
Briais et al., 1993; Barckhausen and Roeser, 2004; Hayes
and Nissen, 2005; Sun et al., 2009; Cullen, 2010;
Barckhausen et al., 2014; Franke et al., 2014). This timing
was confirmed by deep tow magnetic data (Li et al., 2014b)
and IODP Expedition drilling results (Expedition 349
Scientists, 2014). The cessation time is coincident with the
collisions between Palawan and Borneo and Mindoro-
Central Philippines (Hutchison et al., 2000; Yumul et al.,
2003; Clift et al., 2008; Cullen, 2010; Hutchison and
Vijayan, 2010), suggesting a causal relationship between
the spreading cessation and collision events.

3 Data and methods

3.1 Seismic data

Two multi-channel seismic profiles were interpreted and
analyzed. Seismic profile NH973-1 runs across the west of
the Spratly Islands in NW-SE trending. Seismic profile
NH973-2 lies in the east part of the Reed Bank (Fig. 1).
Both profiles were obtained during the “Project 973
Cruise” in 2009 with the Chinese R/V “Tanbao”. The data
were acquired through 480 channels, 6237.5 m-long cable,
and were recorded in SEG-D format at a 2 ms sampling
interval up to 12 s.

Published dredging data (Kudrass et al., 1986) and data
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Fig. 1 Morphological features and bathymetry in the southern margin of the South China Sea. Dashed red lines are the seismic profiles
used in this study. Yellow circles are the drilling sites. Dashed black lines show the Zhongnan fracture. Dashed yellow lines show the

Continental Oceanic Boundary (Franke, 2013).

from limited wells (Sampaguita-1 well in Reed Bank,
Nido-1 well and Santiago-1 well offshore Palawan, and
ODP Site 1143 in the west of the Dangerous Grounds)
were used to calibrate the geological interpretations of
seismic sequences carried out on seismic profiles against
regional litho-stratigraphic units (see Fig. 1 for locations).
In addition, we incorporated published stratigraphic
schemes from the study area (Hinz and Schliiter, 1985;
Schliiter et al., 1996; Barckhausen and Roeser, 2004;
Hutchison, 2004; Yan and Liu., 2004; Clift et al., 2008;
Franke et al., 2008; Cullen, 2010; Hutchison and Vijayan,
2010; Ding et al., 2011, 2015; Sun et al., 2011; Yao et al.,
2012; Franke, 2013; Savva et al., 2014).

3.2 Identification of sequence boundary (unconformity)

Tectonic subsidence reconstruction is performed by
dividing and dating the sequence boundary of the multi-
channel seismic profiles. The ages, sedimentary facies, and
lithology of the Dangerous Grounds and Reed Bank area
are shown in Fig. 2. Geological interpretations of two

typical cross sections in the study area are shown in Fig. 3
and Fig. 4. Six sequence boundaries have been identified,
including Ty, T7, Ts, T4, T, and T.

T, is an erosional subsurface boundary, featured by a
moderate-to-strong, continuous amplitude that is locally
diffractive. It is typically well-defined and corresponds
either to the top of tilted blocks or it forms the base of the
wedge-shaped syn-rift sedimentary infill. We refer to it as
the top of the pre-Cenozoic deposit which is consistent
with the onset of continental rifting (Schliiter et al., 1996;
Hutchison, 2004; Yan and Liu, 2004; Ding et al., 2013).

T; is distinct over both the Dangerous Grounds and
Reed Bank areas. It is a regional unconformity that we
suggest marking either as an inter-rift status or as the onset
of seafloor spreading in the East Sub-basin (ESB) of the
SCS, which shows the moderate-to-strong amplitudes and
patchy-to-continuous reflectors in the seismic profile. The
truncations of the sediments beneath show that it was
formed by an erosional event. While an interruption of the
extension leading to rifting may not result in erosion, the
initiation of seafloor spreading does. We propose that T,
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Age Period Lithology | Lithological Description | Lithology [ Lithological Description
(DG) (Dangerous Grounds) (Reed Bank area)
4 Pleistocene-now
] Pliocene Nearshore reefal limestone
] Sandstone, mudstone,
and sandstone
4 ) carbonate rocks and reefs
farshore claystone
] Late
10 Ma < T2 T
- 2
1 Silty shale, conglomerate, Sandstone, siltstone,
_: Miocene Middle minor san]ﬁistone mudstone, re%fal limestone
] Shale, conglomérate, minor !
] sandstones Reefal limestone,
20 Ma s mudstone, sandstone
] T,
_ Sandstone and shale, coal,
] limestone/dolomite Clastic, carbonate rocks
1 Oligocene and reefs
30Ma .
1 T, T,
] Sandstone with mudstone,
40 Ma - Calcareous shale, siltstone,
] sandstone
] Eocene Sandstone and shale, coal,
] limestone/dolomite
50 Ma 4
] Pebbly sandstone, siltstone
60 Ma > 4
] Paleocene mudstone and compacted
] Cretaceous limestone
- with fossils
65 Ma T, T,
) Claystone and sandstone, Sandstone and shale with
Mesozoic with minor shale thin coal layer, conglomerate
_ T,
Early Cambrian
meta-sediments

Fig. 2 Seismic stratigraphy and lithology in the Dangerous Grounds and Reed Bank areas.

represents the break-up unconformity (BRU) of the ESB,
having an age of about 32 Ma in the eastern sector of the
SCS.

Ts is another major regional unconformity forming both
the top of the latest syn-rift sequence in the Reed Bank and
Dangerous Grounds areas, as well as the top boundary of
the carbonate platform in our study area (Kudrass et al.,
1986; Schliiter et al., 1996; Ding et al., 2013, 2015). This
sequence boundary is striking in the seismic records, with
strong and continuous reflectors, and truncates the
sequence beneath. Franke et al. (2014) named it as the
end-rifting unconformity (ERU). The age is uncertain since

the propagated rifting of the Southwest Sub-basin (SWSB)
made the cessation of continental rifting differ from east to
west. In the east, ages of 23.8 Ma and between 19-16.5 Ma
were determined for the Reed Bank (Yao et al., 2012) and
the Dangerous Grounds (Ding et al., 2013) areas,
respectively, whereas west of the Dangerous Grounds, an
age of 15.5 Ma was assigned (Shipboard Scientific Party,
2000). We agree the age is diachronous, thus we assume
an age of 23.8 Ma in the Reed Bank area and 19 Ma east
of the Dangerous Grounds. This so-called ERU (Franke
et al.,, 2014) is also a benchmark of the breakup in the
SWSB.
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Fig. 4 Geological interpretations of multi-channel seismic profile NH973-2 in the Reed Bank area, South China Sea.

T, reflects the tectonic result of the collision between the  described by Hutchison and Vijayan (2010). T, is another
Dangerous Grounds and Borneo areas, which halted the horizon in the post-drift sequence which is also the
spreading in the SCS at about 15.5 Ma (Schliiter et al., boundary between the Middle Miocene and Late Miocene,
1996), or the Middle Miocene Unconformity (MMU) as  with an age of 10.5 Ma. Ty is the interface of sea level.
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3.3 Method of tectonic subsidence reconstruction and
parameters

Tectonic subsidence in the basin generally refers to the
subsidence caused by the deep tectonic movements in the
basement (Ungerer et al., 1984). It is further described as
the amount of subsidence that would have been experi-
enced by the basement if it had only been air-loaded and is
generally considered to have been caused by the inner
tectonic force of the Earth; that is, the unloaded tectonic
subsidence or air-loaded tectonic subsidence (Wu et al.,
2003). Therefore, by removing the impact of the
sedimentary compaction correction and global level
changes, and understanding the uplift or subsidence of
basement in the absence of a water-load correction, the
quantification of basin subsidence becomes more difficult.

A 1-D unloaded (i.e., water and sediment unloaded)
tectonic subsidence model was used in this study.
Unloaded tectonic subsidence is the true tectonic sub-
sidence without any load-induced isostatic subsidence,
which makes the concept of tectonic subsidence clear and
the analysis of dynamic mechanism easier. When con-
sidering the mechanism of the lithosphere subsidence and
various controlling factors, the above mentioned method
(Fig. 5) is based on the Airy isostasy to backstrip the
present stratigraphy layer by layer and to obtain the true
basement subsidence or lithospheric tectonic subsidence
caused by the inner tectonic force of the earth (Zhao et al.,
2013). In the process, reconstruction of tectonic subsidence
is related to the tectonics, sediment compaction, and water-
loaded, sedimentary basement level change and the

Front. Earth Sci. 2017, 11(2): 427441

palacowater depth change. We have corrected these
parameters respectively.

3.3.1 Sediment and water-loaded subsidence

According to the Airy isostasy model, when the space of
the sedimentary basin is filled with the sediment, the
weight of the sediment itself further submerges the
basement leading to the formation of sediment loaded
subsidence. The top and bottom boundary depth in
different strata can be recovered by the porosity, and the
amount of basement subsidence, which represents the
depth of the oldest stratum, can also be obtained. On the
basis of the water-loaded subsidence and the relationship
between porosity and depth, we calculate the average
density of the sediment and water in the strata. As a result,
the burial depth and the amount of subsidence in each
stratum can be determined.

The equation of subsidence proposed by Steckler and
Watts (1978) is illustrated in Eq. (1). The loaded
subsidence caused by sea level rise is taken into
consideration (Fig. 5(c)), while alternatively, the water-
loaded subsidence solely created by the water that filled in
the accommodation space and was generated by tectonic
subsidence, is disregarded. In light of the crustal isostatic
principle, the increment of the water-load is the total
weight of basement subsidence,excluding mantle material,
and the total subsidence generated by the actual water-
load, which is the sum of the base level and the increment
of water-load (Eq. (2)). As such, the empty basin tectonic
subsidence and unloaded tectonic subsidence rate for any

w
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PWD: PaleoWaterDepth
BL;: Initial BaseLevel

S: Sediment-loaded Basin

ACE: Accommodation of unloaded basin

ST: Sediment Thickness
EBS: Unloaded Subsidence
Y: Subsidence by Steckler and Watts(1978)
Y. Water-loaded Total Subsidence by Steckler and Watts(1978)
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Y. X C M
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M M
M

€ M |d c b a
l«——— syn-rift or post-rift —> initial status

E: Empty Basin
TS: Total Subsidence

W: Water-loaded Basin

C: Crust
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Y. Water-unloaded Subsidence of ACE by Steckler and Watts(1978)

Fig. 5 The unloaded tectonic subsidence model (revised by Steckler and Watts, 1978 and Zhao et al., 2013).
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two given time periods (kK — n, k > n) are given as follows
(Eq. (3) and Eq. (4)) (Zhao et al., 2013).

Y=TS-Y,-BL
:ST+(PWD+ABL) ST x PP App xPv
pm Pw Pm— Pw
— ST x PmPs AL x —Pm | pwp,
P P PP
(1)
3 o Pw Py
Y,= Y, +SL=Y x4 ABL x G
Pm Pm— Pw
EBS = ST x Pm"Ps o pwp x PP _App,  (3)
P P
EBSR, = (EBS,—EBS;)/(k—n)
Pm — Ps
(ST, ST,) x 2»—Ps & (pwD, - PWD,)
Pm— Pw
Xp—*(BLn*BLk)]/(k*n)» “4)

where Y is the subsidence generated by tectonic driving
force. As defined by Steckler and Watts (1978), ¥; is the
total water-loaded subsidence and Y, is the loaded
subsidence caused by the water-filled accommodation
space (ACE) generated by tectonic subsidence, EBS is the
empty basin or unloaded tectonic subsidence, ST is
sedimentary thickness, PWD is palacowater depth, ABL
is the change amount of base level, p,,, ps, p, 1S the
average density of the mantle, sediment, and water
respectively, and EBSR is the empty basin or unloaded
tectonic subsidence rate, and k£ and n represent two
different periods (k > n).

3.3.2 Lithology

The sedimentary compaction is influenced by the lithology,
overcompress, diagenesis, and other factors, wherein the
lithology tends to play a leading role. There is a decrease in
the porosity of sediment with an increase in overlying
strata’ thickness during the accumulation process. The
density (p), porosity (Por), and compaction constant (CC)
are determined by lithology and its statistical percentage
(see detail parameters in Table 1) (revised by Zhao et al.,
2010).

3.3.3 Palacowater depth

The sedimentary thickness cannot represent the depth of
subsidence when the palacowater depth in the sedimentary
basin is significant and the sedimentary interface remains
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Table 1 The lithologic parameters of each layer in the Dangerous
Grounds, and Reed Bank area (revised by Zhao et al., 2010)

Parameters
layer
pl(kg-m>)  Por CC/mm™!

Dangerous Grounds T,-Ty 26.93 0.60 0. 480

T, T, 26.94 0.59 0. 440

Ts Ty 26.91 0.59 0. 450

T,-Ts 27.07 0.62 0. 500

T,-T, 26.76 0.56 0. 420
Reed Bank area T,-Ty 26.98 0.61 0. 500

T4 T, 27.07 0.66 0. 615

Ts— Ty 27.01 0.65 0. 590

T,-Ts 27.04 0.66 0. 620

Ty Ty 26.95 0.58 0. 430

below the water surface. The palacowater depth can be
determined by many sedimentary marks, such as the
sediment distribution pattern, sedimentary structure,
paleontology, paleoecology, and authigenic minerals, etc.
(Clifton, 1988).

The sediments show fluvial and swamp facies in the
Mesozoic, and are composed of sandstone and shale, in
addition to coal (Ding et al., 2015). Thus the water depth in
the initial rifting stage (65 Ma) is assumed to be zero.
Between the Paleocene and the Middle Oligocene (6532
Ma) the sediments changed from abyssal facies character-
ized by gray and green—brown calcareous shales, to neritic
facies, characterized by interbedded sandstone and mud-
stone, showing an overall decrease of water depth (from
500 to 100 m). During the drifting stage (32-23.8 Ma in
the Reed Bank area, 32—19 Ma in the Dangerous Grounds),
a well-developed carbonate platform indicated a palaco-
bathymetry of shallow water (less than 50 m). After 15.5
Ma, the water depth rapidly increased (where some part of
the present-day bathymetry is greater than 3500 m).
Although the eustatic sea-level fluctuation has less
influence on backstripping, if compared to the variations
of palaeo-bathymetry, the relative sea level change in the
Cenozoic (Pang et al., 2007) has been incorporated in
backstripping order to make the subsidence study
integrity.

The determination of palaecowater depth in this study
was generally based on the depositional systems, which
were compiled by well data and seismic sequence studies.
Therefore, the palacowater depth was recovered by the
sedimentary facies of basins in different periods and the
paleontological in wells. Considering the sedimentary
facies, foraminifera, and nannofossil in the southern SCS
(Taylor and Hayes, 1980; Yang et al., 1996; Fan and Qian,
1998; Steuer et al., 2013), we used the interpolation
method to reduce the error and to obtain the palacowater
depth.
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3.3.4 Time-depth conversion

A time to depth conversion has been carried out to
construct the cross sections used for subsidence analysis
(Fig. 6). The time-velocity statics over the southern
continental margin for reconstruction of subsidence history
has been adopted according to Yan and Liu (2004)
(Table 2).

4 Results

Calculation results of the tectonic subsidence rates and
total amounts from each seismic profile are shown in
Tables 3 and 4. Figures 7 and 8 demonstrate these results.
An overview of the backstripped tectonic subsidence
curves for all the selected artificial wells is shown in Fig. 9.
Our study shows a total tectonic subsidence amount of
1225-2790 m along the NH973-1 across the Dangerous
Grounds, and 1455-2015 m along the NH973-2 in the

Front. Earth Sci. 2017, 11(2): 427441

Reed Bank area. Both areas show different subsidence
rates and the amounts in separated stages, i.c., the rate
presents a regular promotion and demotion with the change
of time. Generally the subsidence rate is higher inside
graben/half-graben, but is smaller in the basement high
between.

4.1 Dangerous Grounds (Seismic profile NH973-1)

The initial subsidence during the active extensional phase
has been recognized from the Late Cretaceous (T,,
~65 Ma) to the Early Oligocene (T,, ~32Ma). During
this stage, the tectonic subsidence rate is between
3.7~16 m/Ma, with an average rate of 6.1 m/Ma. Episodic
rifting has been reported by previous studies (Zhou et al.,
1995; Cullen, 2010), while in our study, a classification of
extensional episodes has not been carried out, and the
tectonic subsidence is simplified. Rapid subsidence has
occurred since the Early Oligocene (T, ~32 Ma) with
a subsidence rate between 43—111 m/Ma. The average
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Fig. 6 Time-depth conversions of the NH973-2 multi-channel seismic section. A and B are the horizontal positions of tectonic

subsidence calculation.

Table 2 Time-velocity statistics in southern continental margin of South China Sea (Yan and Liu, 2004)

TWT/s Vn/(km-s ") TWT/s Vn/(km-s ') || TWT/s Vn/(km-s™") || TWT/s Vn/(km-s ")
0 1500 1.8 2244 3.6 2928 5.6 3414
0.2 1510 2.0 2330 3.8 2989 5.8 3453
0.4 1550 22 2418 4.0 3044 6.0 3492
0.5 1600 2.4 2494 4.1 3068 6.2 3529
0.6 1646 2.5 2532 43 3120 6.4 3578
0.8 1775 2.6 2577 4.5 3164 6.6 3621
1.0 1900 2.8 2642 4.6 3187 6.8 3662
12 1993 3.0 2720 4.8 3238 7.0 3700
1.4 2071 3.2 2800 5.0 3280

1.5 2107 3.4 2871 5.2 3327

1.6 2144 35 2891 5.4 3370
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Table 3 Calculation of tectonic subsidence rate
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Profile T,— T, T,-Ts Ts—Ty T4—T, T,—To
(65-32 Ma) (32-23.8 Ma for (23.8-15.5 Ma for (15.5-10.5 Ma) (10.5-0 Ma)
NH973-2; 32-19 Ma NH973-2; 19-15.5 Ma
for NH973-1) for NH973-1)
Ran Ave Ran Ave Ran Ave Ran Ave Ran Ave
NH973-1 3.7-16 6.1 43-111 72 -33-130 18.9 76-147 109 33-85.6 534
NH973-2 7.7-23 12.9 -9.7-7.6 —4.3 62.5-77 69.9 98-105 101.2 48.8-58 55.7
* where, Ran represent the range of values, Ave represent the average value.
Table 4 Calculation of tectonic subsidence amount
Profile Tg* T7 T7 - T5 T5 - T4 T4 - T2 Tz - T()
(65-32 Ma) (32-23.8 Ma for (23.8-15.5 Ma for (15-10.5 Ma) (10.5-0 Ma)
NH973-2; 32-19 Ma NH973-2; 19-15.5 Ma
for NH973-1) for NH973-1)
Ran Ave Ran Ave Ran Ave Ran Ave Ran Ave
NH973-1 150-640 242 364-946 609 —49-276 32 344-659 491 348-910 562
NH973-2 270-795 453 -107-84 —48 231-285 258 468-502 485 550-602 578
* where, Ran represent the range of values, Ave represent the average value.
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rate is 72 m/Ma. In the late Oligocene (Ts, ~19 Ma), until a rate increase was observed in the Middle Miocene
the subsidence rate reduced sharply to between —33—-130 (T4, ~15.5 Ma), corresponding to the drifting of the SCS.
m/Ma. This slow subsidence stage lasted nearly 4 m.y. This accelerated subsidence stage since the Middle
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Miocene has a subsidence rate of 76—-147 m/Ma, which is
common in the continental margin of the SCS (Clift and
Lin, 2001; Zhao et al., 2013; Chen, 2014).

4.2 Reed Bank area (Seismic profile NH973-2)

Tectonic subsidence in the Reed Bank area decreased
between the late Cretaceous (T, ~65 Ma) and the Early
Oligocene (T;, ~32Ma), similar to the trends observed in
the Dangerous Grounds area. The subsidence rate was
between 7.7 and 23 m/Ma, with an average of 12.9 m/Ma.
However, the rate reduced sharply in the Early Oligocene
(T;, ~32 Ma) with an average of —4.3 m/Ma. This slow
subsidence rate lasted for more than 10 m.y. An accelerated
subsidence occurred after the Early Miocene and continued
until the Late Miocene. The subsidence rate was between
98 and 105 m/Ma, averaging 101.2 m/Ma. This indicates a
quick thermal subsidence during the post-spreading stage
and a sharp change of sedimentary environment. In the
Late Miocene, the subsidence rate smoothed from the
earlier stage, but remained relatively high, between 48.8—
58 m/Ma, to the present.

5 Discussion
5.1 Why the subsidence rate delayed?

The subsidence of rifted continental margins is explained
by the mechanical and isostatic response to the lithospheric
stretching (McKenzie, 1978). Moreover, generally rapid
thermal subsidence would occur after the continental
break-up when an initial seafloor spreading is driven by
cooling and thickening of the asthenosphere. However, our
analysis results of tectonic subsidence show that neither
the Reed Bank nor the Dangerous Grounds entered the
rapid subsidence stage after the onset of seafloor spreading,
but instead experienced an uplift and erosion period.
According to the results of tectonic subsidence, the
subsidence hiatus phenomenon can be recognized between
19-15.5 Ma in the Dangerous Grounds (Fig. 9(a)). Similar
subsidence rate delay could also be discovered in the Reed
Bank area which mutated and gradually slowed between
32 and 23.8 Ma (Fig. 9(b)). The rapid subsidence period
only occurred after the cessation of seafloor spreading.
Considering the data from carbonate platform and its
drilling result in the Neogene, this phenomenon is similar
to the large scale development of the carbonate platform
stage (T;—Ty4, 32—15.5Ma) which corresponds to a greatly
reduced tectonic subsidence rate (Ding et al., 2015; Fang et
al., 2015). As such, the cause for the temporary subsidence
delay in the southern continental margin of SCS becomes a
key issue in our study.

This lack of tectonic subsidence may be the result of a
number of possible processes. Since the thermal sub-
sidence is driven by the lithospheric thickening (Sandiford

et al., 1998), we suggest that the slow subsidence after
break-up indicates a slow lithospheric growth. The normal
subsidence and lithospheric thickening does not occur until
after 23.8 Ma in the Reed bank area, and 15.5 Ma in the
Dangerous Grounds area. Reston (2009) suggested that the
effect of mantle serpentinization during rifting, or the
addition of any igneous material at sub-crustal level, could
result in permanent uplift. However, our results show a
temporary rather than a permanent subsidence rate. Thus
we may exclude this possibility. Franke et al. (2011)
argued another hypothesis that the ongoing westward
rifting in the SWSB might have prevented the region from
quick subsidence. Although we can’t exclude this
mechanism, we prefer the opinion that the secondary
mantle convection (first or major mantle convection
occurred in the oceanic basin) may be a more reasonable
process. The secondary mantle convection in the mantle
beneath a rift in the continental margin may have eroded
the lithosphere and caused the very slow lithospheric
growth after the initial sea-floor spreading.

Numerical experiments have proved that as the major
mantle convection occurred below the oceanic crust, a
variation in lithospheric thickness of the continental
margin will cause lateral temperature gradients, and thus
induce secondary convection (Buck, 1986; Faccenna and
Becker, 2010), or edge-driven convection (King and
Anderson, 1998). This convection beneath the passive
rifts will result in the thinning of the adjacent lithosphere,
controlling the uplift of the rift shoulders, as well as the
decrease of the tectonic subsidence in the middle of the rift
basin. This geodynamic model has been successfully
applied in many cases, such as the rifted margin of Pakistan
(Claves et al., 2008), or the Atlantic margin (Buck, 1986;
Van Wijk et al., 2008, 2010).

The crustal structure in the Reed Bank area obtained by
the wide-angle reflection/refraction seismic experiments
shows that the crustal thickness in the Bank is about 21 km,
and yet the crustal thickness at the Reed Bank basin
periphery is only 12 km, indicating that the Moho depth
gap is about 9 km (Ruan et al., 2011). In the Dangerous
Grounds area, the Moho depths also had a high frequency
of fluctuation, ranging between 17-26 km (Qin et al., 2011;
Pichot et al., 2014). Such a gap in the lithospheric
thickness was likely to cause steep vertical temperature
contrasts, and then induced a secondary mantle convec-
tion, which may be the reason for the decrease of the
tectonic subsidence rate in the study area during break-up.
After the cessation of seafloor spreading, the mantle
convection beneath the oceanic crust disappeared, and the
secondary mantle convection under the continental margin
in southern SCS also stopped. The whole area entered the
rapid subsidence stage.

5.2  Why the delayed stage changes?

It is obvious that the stage with delayed subsidence rate



438 Front. Earth Sci. 2017, 11(2): 427-441

differed between areas. In the Reed Bank area, this stage
was between 32-23.8 Ma, while in the Dangerous Grounds
it was much later (between 19—15.5 Ma). We believe the
propagated rifting in the SCS determined the changes of
delayed-subsidence-rate stage.

Neotectonic and sedimentary variation in the continental
margin have been well studied by previous scientists
(Shipboard Scientific Party, 2000; Yao et al., 2012; Ding et
al., 2013; Franke et al., 2014; Savva et al., 2014).
Inhomogenous tectono-sedimentary features can also be
observed in the oceanic basin. Geological observations in
the basin of the SWSB suggest that the NE section is
dominated by normal oceanic crust formed in a steady state
and spreading with a high magma budget, indicated by the
reasonably flat oceanic basement, increasing sedimentary
thickness from the middle to both sides, and active post-
drift magmatic activities (Huchon et al., 2001; Li et al.,
2012; Ding et al., 2015). Studies of both the continental
margin and the oceanic basin of the SWSB indicate a
number of differences in the tectono-sedimentary fabric
from the northeast to the southwest. 1) Intense continental
rifting occurred in the Reed Bank area, which reduced to
the southwest. 2) The time of cessation of rifting, which
resulted from the onset of the opening of the SWSB,
became younger from the Reed Bank area to the west of
the Dangerous Grounds. 3) An increased magma budget in
the NE section of the oceanic basin. All these features
suggest that: 1) the rifting and seafloor spreading should
have started in the northeastern area and propagated to the
southwest, and 2) the northeastern area experienced longer
seafloor spreading, implied by the typically wider oceanic
basin, whereas the relatively short spreading history in the
southwestern area formed a narrow oceanic basin with
remarkable continental rifting features.

The delayed stage in the Reed Bank area, resulting from
the seafloor spreading in the ESB, was initiated much
earlier. Alternatively, the delayed stage in the Dangerous
Grounds area didn’t begin until after the opening of the
SWSB. We should note that the delayed tectonic
subsidence stopped after 23.8 Ma while the seafloor
spreading was still ongoing in the ESB and the SWSB. The
ESB has experienced a longer spreading history and had
already become a wide oceanic basin before the opening of
the SWSB. After 23.8 Ma, the Reed Bank area was far
away from the spreading center, which might have reduced
the possibility of the formation of a second-convection.
However, during the Early Miocene, the Dangerous
Grounds area was still close to the spreading center of
the SWSB. This might explain why the tectonics
subsidence rate increased in the Reed Bank area as the
seafloor spreading was taking place in the Early Miocene.

6 Conclusions

1) The Cenozoic tectonic subsidence can be roughly

divided into three stages with variable subsidence rate in
the southern continental margin. The first rapid-subsi-
dence-rate stage occurred during 65 to 19 Ma in the
Dangerous Grounds area and 65 to 23.8 Ma in the Reed
Bank area, while the delayed-subsidence-rate stage can be
recognized during 19 to 15.5 in the Dangerous Grounds
and 23.8 to 15.5 Ma in the Reed Bank area followed by the
second rapid-subsidence-rate stage.

2) As the major mantle convection occurred below the
oceanic crust, a variation in lithospheric thickness was
likely to cause steep vertical temperature contrasts, which
then induced a secondary mantle convection. We believe
this secondary convection resulted in the period of minimal
lithospheric growth, and may be the reason for the delayed
tectonic subsidence rate during the seafloor spreading in
the southern continental margin.

3) The stage with delayed subsidence rate differed along
strikes. In the Reed Bank area, this stage is between 32—
23.8 Ma, while in the Dangerous Grounds, it was much
later (between 23.8—-15.5 Ma). We believe the propagated
rifting in the SCS determined the changes of the delayed-
subsidence-rate stage.
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